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Atom interferometers with scalable enclosed area 
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Bloch oscillations (i.e., coherent acceleration of matter waves by an optical lattice) and Bragg 
diffraction are integrated into light-pulse atom interferometers with large momentum splitting be- 
tween the interferometer arms, and hence enhanced sensitivity. Simultaneous acceleration of both 
arms in the same internal states suppresses systematic effects, and simultaneously running a pair of 
interferometers suppresses the effect of vibrations. Ramsey-Borde interferometers using four such 
Bloch-Bragg-Bloch (BBB) beam splitters exhibit 15% contrast at 24/ifc splitting, the largest so far 
(hk is the photon momentum); single beam splitters achieve 88h~k. The prospects for reaching 100s 
of hk and applications like gravitational wave sensors are discussed. 

PACS numbers: 03.75.Dg, 37.25. +k, 67.85.-d 



Light-pulse atom interferometers use the momentum 
transfer in light-atom interactions to split and reflect 
matter waves, thus forming the interferometer arms 
They have been used for measurements of high precision 
and accuracy, such as of gravity 0],_the fine-structure 
constant 0,11,01, gravity gradients 0], Newton's grav- 
itational constant 0, 0], and one of the few terrestrial 
tests of general relativity that is competitive with astro- 
physics [9j. In these examples, the atom-light interac- 
tions are Raman transitions which transfer the momen- 
tum Ap = 2hk of two photons. This limits the space- 
time area enclosed between the interferometer arms, and 
hence the sensitivity. Bragg diffraction of matter waves 
has been used to increase Ap [lOj] , the current record be- 
ing 24hk ■ Unfortunately, this number represents 
a technical limit, as the required laser power increases 
sharply with Ap [l3|. Bloch oscillations 0,0, EH] or adi- 
abatic transfer [3j,[4| have been used to transfer thousands 
of Hk, but so far only to the common momentum of the 
interferometer arms, which does not increase the enclosed 
area. Here, we use them to increase the splitting of the 
arms and thus increase the enclosed area (Fig. [T]) . Bragg 
beam splitters are embedded between Bloch oscillations 
to achieve a Ap of up to 887ifc. In Ramsey Borde inter- 
ferometers with Ap = 24hk , we see interferences with 
~ 15% contrast (compared to 4% with Bragg diffraction 
[111]). The enclosed area is no longer limited by available 
laser power. This work is thus the first demonstration 
of an interferometer whose enclosed area can be scaled 
up to allow for proposed landmark experiments such as 
detection of low-frequency gravitational waves [l6| or the 
Lense-Thirring effect [ijj , tests of the equivalence princi- 
ple at sensitivities of up to Sg/g ~ 10~ 17 [lU, atom neu- 
trality [;193, or measurements of fundamental constants 
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with sensitivity to supersymmetry [201 ] - 

The two basic ingredients of this work are Bragg 
diffraction of matter waves at an optical lattice and Bloch 
oscillations of matter waves in an accelerated optical lat- 
tice. To describe them, we consider an atom of mass 
M in the electric fields of two counterpropagating laser 
beams whose frequencies are lo\ and cJ2- We denote 
k = (u>i + w 2 )/(2c) the average wavenumber. 

For Bragg diffraction [13], uj\ and u>2 are constant in 
the rest frame of the atom. Neglecting spontaneous pro- 
cesses, the atom absorbs n photons at ui\ from one beam 
and is stimulated to emit n into the other beam at lo 2 . 
The atom emerges in its original internal quantum state 
but moving with a momentum of 2nhk and a kinetic en- 
ergy of (2nhk) 2 / (2M) = 4n 2 hu> r , where uj r is the recoil 
frequency. This must match the energy nh(u>i — 0J2) lost 
by the laser field, which determines the Bragg diffraction 
order n. To make a beam splitter for matter waves, the 
pulse duration and intensity are chosen such that the pro- 
cess happens with a probability of 1/2 (a "7r/2" -pulse). 

For Bloch oscillations, suppose the beams initially have 
zero difference frequency, which is then ramped linearly 
with time, wi — L02 = Cot. At a certain time, it will 
thus satisfy the Bragg resonance condition for transi- 
tions between momentum states \p = 0) — > \p = 2hk) and 
then subsequently \p = 2hk) — ► \p = Ahk) , . . .. The atom 
thus receives 2hk of momentum in intervals given by the 
Bloch period tb = 8u> r /uj. Theory and experiment show 
that when u> satisfies an adiabaticity criterion [l4| and 
the difference frequency is held constant after it reaches 
u>i — L02 = SNuj r , where N = 1,2,3,..., the popula- 
tion emerges in an \p — 2Nhk) momentum state which is 
nearly pure [141 ] . 

The simplest way to increase the momentum transfer 
of a beam splitter with Bloch oscillations would be to 
take one output of a conventional beam splitter and ac- 
celerate it with Bloch oscillations [211: a total momentum 
splitting of lOhk has been achieved [22| with a contrast at 
the few-percent level. According to simulations, parame- 
ters like the lattice depth and acceleration can be chosen 
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FIG. 1: Left: Space-Time diagram of simultaneous conjugate Ramsey-Borde BBB-Interferometers. 1: Dual optical lattice; 2: 
Single Bragg beam splitter; 3: Quadruple optical lattice; 4: Dual Bragg beam splitter; a-d: outputs. The dashed lines indicate 
trajectories that do not interfere. Right: plotting the normalized populations of the outputs (a~b)/(a + b) versus (c — d)/(c + b) 
draws an ellipse. 




FIG. 2: Trajectories of the atom (a), laser frequencies (b), 
and laser intensities (c) during a BBB beam splitter. 



such that the other arm can remain un-accelerated if the 
initial momentum splitting is sufficient [23| . In this con- 
figuration, however, the lattice causes an imbalance in 
the ac Stark effect between arms. This can easily con- 
tribute tens of radians to the interferometer phase as a 
function of the lattice depth. Even if this can be cancelled 
between subsequent optical lattices [22j, fluctuations or 
drift in the laser power, and hence the lattice depth, may 
spoil the mrad precision [2] of typical interferometers. 

To minimize this systematic effect, it is better to si- 
multaneously accelerate both arms with a pair of lat- 
tices. This will balance the ac Stark effect. The balance 
can be maintained by controlling the intensity balance 
of the lattice beams, which is technically much easier 
than accurate control of their absolute intensity. The fi- 
nal version of our beam splitter also has a pair of Bloch 
oscillations at the input, which decelerate the relative ve- 
locity of the arms. This leads to symmetry with respect 
to interchanging inputs and outputs, facilitating use in 
atom interferometers. 

Fig. [5] shows our final configuration, which we may 



call the Bloch-Bragg-Bloch (BBB) beam splitter. Con- 
sider the first and second beam splitter of Fig. [T] Ini- 
tially, its two atomic inputs have a momentum difference 
of (2n + 4N)hk. Each is loaded into a co-moving opti- 
cal lattice. The lattices decelerate the momentum dif- 
ference to 2nhk. Afterwards, when the paths cross, a 
Bragg diffraction acts as a beam splitter. Finally, the 
outputs are accelerated symmetrically to a splitting of 
(2n + 4N)hk. To make the simultaneous accelerated lat- 
tices, one can, for example, superimpose two frequencies 
ui\' 2 in one beam which are ramped as shown in Fig. [5] 
b. The difference frequencies in this example start at 
{u>\ — UJ2) = —(ol>i — 0J2) — S(2N + n)uj r and are ramped 
down to 8nuj r . For Bragg diffraction, there is just one 
frequency in each beam, so that u)\ — u>2 in this specific 
reference frame. The figure also shows the laser inten- 
sity versus time (the intensities of the counterpropagat- 
ing beams are proportional to each other) [24[ • 

The realization of these ideas faces several challenges: 
For one, the simultaneous use of two optical lattices to 
accelerate populations coherently into different directions 
has never been demonstrated. Moreover, each BBB beam 
splitter uses four optical lattices and one Bragg diffrac- 
tion, and a full interferometer consists of four beam split- 
ters. Even if single accelerated lattices and Bragg diffrac- 
tions have been shown to be coherent, the end-to-end co- 
herence of a BBB beam splitter or a full interferometer 
may be very hard to realize. Moreover, interferometers 
with very high momentum transfer are prone to loss of 
interference contrast due to vibrational noise, even with 
state-of-the-art vibration isolation [lf[ . 

To avoid this loss of contrast, we use simultaneous 
conjugate interferometers (SCI) [f2j. Two interferome- 
ters are run simultaneously, and their fringes are plotted 
against each other, forming an ellipse (Fig. [T]). Common- 
mode phase fluctuations move the data around the el- 
lipse, but do not affect the eccentricity, which is deter- 
mined by the differential-mode phase. Ellipse-specific 
fitting [25j or Bayesian estimation (2|| allows us to ex- 
tract the differential phase independent of common-mode 
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FIG. 3: Setup. AWG: arbitrary waveform generator. 
A/4: quarter-wave retardation plate. DBM: double-balanced 
mixer. 



noise. Whereas the first and second beam splitter are 
common to our SCIs, the third and fourth are two su- 
perimposed BBB splitters, each addressing one interfer- 
ometer according to the momentum of the atom (Fig. 
[J). Thus, the pair of SCIs even requires quadruple opti- 
cal lattices, for a total of 24 optical lattices and 6 Bragg 
diffractions. Coherence of such an intricate atom-optics- 
system has rarely been demonstrated, if at all. 

Our experiment uses a 1-m high atomic fountain of 
about 10 6 Cs atoms in the F — 3,m^? = quantum 
state with a velocity distribution of 0.3 recoil velocities 
full width at half maximum (FWHM) . It is based on a 3 
dimensional magneto-optical trap (MOT) with a moving 
optical molasses launch and subsequent Raman sideband 
cooling in a co- moving optical lattice [27j • 

Our laser system for driving Bloch oscillations and 
Bragg diffraction is based on a 6W Tksapphire laser 
[H>l28j], stabilized with a red detuning of 16 GHz to the 
F = 3 — > F' = 4 transition in the cesium D2 manifold 
near 852 nm. An acousto-optical modulator AOM 1 (Fig. 
[3]) is used for closed-loop amplitude control. To gener- 
ate ^i~ 4 , AOM 2 is driven with up to 4 radio frequen- 
cies near 180 MHz (these frequencies are close enough so 
that the difference in deflection angle can be neglected). 
Phase shifts due to optical path length fluctuations are 
thus common to lo\~ a to a high degree. This is essential 
for the cancellation of vibrations between the conjugate 
interferometers. The beam at u>2 is ramped using the 
double-passed AOM 4. Such ramping accounts for the 
free fall of the atoms, which changes the resonance condi- 
tion in the laboratory frame at a rate of ~ 23 MHz/s. The 
two beams are brought to the experiment via two single- 
mode, polarization-maintaining fibers and collimated to 
an 1/e 2 intensity radius of about 3 mm. The bottom 
beam has a maximum power of 1.15W at the fiber out- 
put; the top beam a peak power of 1.6 W, or respectively 
0.4 W and 0.1 W per frequency in two and four-frequency 
operation. See Ref. [l2j for more details. 

An experimental sequence starts with launching the 
atoms to a 1-s vertical ballistic trajectory. The first 70 ms 
are used for preparing the atomic sample. After the ex- 
periment, the atoms are fluorescence detected as they 
pass a photomultiplier tube (PMT). 

The Bragg pulses of our BBB beam splitters are Gaus- 
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FIG. 4: Time-of-flight sheet of the output of an 88ftfc beam 
splitter. 



sian with a 1/y/e half- width a ~ 20 fis. Their intensity is 
adjusted for a 50% diffraction efficiency. The Bloch oscil- 
lation acceleration phase has a duration of 1 — 2 ms. The 
laser intensity is set sufficiently hig h for a Bloch oscil- 
lation efficiency of nearly 100% [14| and is adiabatically 
switched on and off with a rise time of several 100 /is. 
Fig. 2] shows the PMT fluorescence signal of the popula- 
tion after one beam splitter versus time. Since the atoms 
reach the PMT at a time dependent on their velocity 
after the beam splitter, the x-axis gives the momentum 
transfer with a scaling of 0.7ms/(M). The resolution 
of about lhk is determined by the spatial extent of the 
atomic sample, and the slots used for the detection beam 
and PMT. Fig. 0] shows a momentum splitting of 88fi.fc, 
of which 8hk have been transferred by Bragg diffraction. 
The small peak in the middle is due to atoms which could 
not be diffracted. 

A pair of interferometers is driven by combining BBB 
splitters in the way shown in Fig. [TJ The popula- 
tion in the four outputs a-d is detected by their flu- 
orescence fa-d- To take out fluctuations in the ini- 
tial atom number, we define the normalized fluorescence 
F u = (f a - fb)/(f a + fb) of the upper interferometer and 
Fi in analogy for the lower interferometer. Fig. [5] shows 
ellipses of the two interferometers, obtained by plotting 
their interference fringes F u ,Fi versus one another. In- 
terferometers with momentum transfers between 12-24M 
are shown. The pulse separation time T (see Fig. [TJ was 
between 2-10 ms, with little influence on contrast as ex- 
pected for simultaneous interferometers [13]. We usually 
transferred (4 — 8)hk by Bragg diffraction, see Fig. [5] 
Even at the highest total splitting of 24/ifc, a contrast of 
15% is achieved, compared to 4% in the only previous in- 
strument with such splitting (based on Bragg diffraction 
alone) [ll[ . This contrast is 30% of the theoretical value 
for Ramsey-Borde interferometers [IJ E3 ■ 

The momentum splitting of 2Ahk is currently limited 
by two technical issues: (i) The frequency ramps for driv- 
ing Bloch oscillations were generated by a staircase ap- 
proximation with at most 1024 steps. Large spans thus 
require a coarse step size, leading to loss of coherence. 
A better ramp generator will resolve this issue, (ii) Dis- 
tortions of the wavefronts of the laser beam, caused by 
imperfect lenses, waveplates, and vacuum viewports, lead 
to loss of contrast as described in [l2^ . A mode-filtering 
cavity will alleviate this. 

Outside of interferometers, Bloch oscillations have al- 
ready been used to coherently transfer 8000hk [l|| . The 
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FIG. 5: Ellipses from simultaneous conjugate interferometers 
with BBB beam splitters. Total momentum transfer, Bragg 
diffraction order n, Bloch oscillation number N, and contrast 
C are stated. All graphs are plotted using the same scale. 



BBB splitter thus opens up the door to substantial in- 
creases in atom-interferometer-sensitivity. One exciting 
application for such an ultra-sensitive device is an atomic 
gravitational wave interferometric sensor (AGIS) 0. 
Such a sensor could access the gravitational wave spec- 
trum between 0.1-100 Hz, complementing the reach of op- 
tical interferometers such as LIGO and LISA. Sensing 
in this spectral region enables searches for white dwarf, 
black hole, and intermediate mass black hole binaries, 



or for the stochastic gravitational wave background from 
phase transitions in the early universe. A crucial ingre- 
dient of an AGIS is a momentum splitting of lOOtt or 
more; another is common-mode rejection of vibrations 
between simultaneous interferometers. Both common- 
mode rejection as well as large momentum transfer have 
already been demonstrated here. Other applications re- 
quiring extremely large enclosed areas include measuring 
the Lense-Thirring effect pj} , or tests of the equivalence 
principle [IH and atom neutrality (l9j |. 

To summarize, we used Bloch oscillations and Bragg 
diffraction to demonstrate atom interferometers with a 
scalable momentum-space splitting Ap between the arms. 
Simultaneous Bloch oscillations and use of a single in- 
ternal state [llj] in both arms suppress systematic ef- 
fects; simultaneous interferometers [l2| suppress vibra- 
tional noise. Individual beam splitters reach Ap — 88fi.fc; 
interferometers with 5p — 24hk reach 30% of their opti- 
mum contrast. This represents the highest momentum 
transfer realized to date in any light pule atom inter- 
ferometer [llj . while substantially improving contrast. 
Most importantly, Sp can be scaled up, as it is no longer 
limited by the available laser power. This will be in- 
strumental in reali zing several proposed landmark exper- 
iments 0,00, Ea HI ■ For example, ours is the first 
experimental demonstration of atom interferometers that 
can be scaled up for gravitational wave detection. 

We are indebted to Jason Hogan, Mark Kasevich, Tim 
Kovachy, and Shau-yu Lan for discussions. This material 
is based upon work supported by the National Science 
Foundation under Grant No. 0400866. S.H. and H.M. 
thank the Alexander von Humboldt Foundation. 
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